The possibilities of different phase transitions to cBN with Li 3 N as catalyst at high temperature and high pressure (1600-2200 K, 4.8-6.0 GPa) are analyzed, in the framework of the second law of thermodynamics. The Gibbs free energy (∆G) of three reactions which may happen in the Li 3 N-BN system: hBN + Li 3 N→Li 3 BN 2 , hBN→cBN, and Li 3 BN 2 →cBN + Li 3 N, is calculated, with the influence of high temperature and high pressure on volume included. We show that ∆G of hBN + Li 3 N→Li 3 BN 2 and hBN→cBN are between −35~−10 KJ·mol , respectively. However, ∆G of Li 3 BN 2 →cBN + Li 3 N can be positive or negative. The area formed by the positive data is a V-shaped area, which covers the most part of the cBN growing V-shaped area. It confirms that Li 3 BN 2 is stable in the P-T area of cBN synthesis, and cBN is probably transformed directly from hBN. Analysis suggests that Li 3 BN 2 promotes the transition from hBN to cBN.
Introduction
High static pressure is the most common method to synthesize cubic boron nitride (cBN) with hexagonal boron nitride (hBN) as raw material and with alkaline metals or alkaline-earth metals and their nitrides as catalysts. The cBN synthesized with lithium nitride (Li 3 N) is widely used because of its regular crystal shape and suitable particle size. A layer of white powder covers the surface of cBN crystal during the growth. Phase structure characterizations show that the layer is composed of hBN, micro cBN and lithium boron nitrides (Li 3 BN 2 ) [1] . It is very desirable to study their relationships to understand the phase transition mechanism of cBN as they are in direct contact with the cBN single crystals.
Previous studies indicate that no matter what kind of catalyst is adopted, the temperature and pressure forms a V-shaped area [2] [3] [4] where cBN can grow stably. Besides there is a short-range ordered or medium-range ordered structure in high temperature and high pressure (HPHT) system [5] , namely a solid microstructure existing in the HPHT system. It was proposed that cBN was directly transformed from hBN [6] , while [7] believed that cBN was precipitated from solvent. Thermodynamic analysis plays an important role in understanding the synthesis mechanism of diamond [8, 9] . Therefore it is possible to investigate the phase transition mechanism of cBN because of the similar structure. However, there are few reports about the thermodynamics of the cBN transition mechanism with catalyst at HPHT due to the absence of thermodynamic data at HPHT and the ambiguity of the mechanism. Bocquillon et al. [3, 10] put forward the following reactions in the Li 3 N-hBN system:
After the reactions, all of the phase are found around the cBN crystals by XRD [1] , except for the volatile Li 3 N. It is difficult to identify the reactions through experiments because the online inspection is impractical. The synthesis of cBN is an isobaric and isothermal process, and we can apply classical thermodynamics to analyze the reactions in the system by querying the related thermodynamic data. Based on the second law of thermodynamics, we calculate the change of Gibbs free energy in (1) and (2) and analyze the thermodynamic transformation of cBN in V-shaped area of the system.
Calculation
The calculation is based on the second law of thermodynamics. The change of Gibbs free energy ∆G is:
Under the isobaric condition, ∆G can be obtained:
∆G between different temperatures and pressures can be expressed as [11] :
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298 K is chosen as the start temperature. 
In Equation (7), B 0 is bulk modulus, and B 0 ' is the first derivative of the pressure with respect to bulk modulus. From Equation (7), the relation between ∆V P and pressure can be obtained. Table 1 shows the physical parameters of materials in reactions in the Li 3 N-BN HPHT system. In Table 1 , the B 0 and B 0 ' are not found in references. According to [11] , they can be deduced from Vegard's law from the B 0 and B 0 ' of Li 3 N and cBN:
In Equation (8) 
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∆V T can be obtained on the basis of the thermal expansion properties of crystals:.
In Equation (9), β refers to the volume expansion coefficient, and its value of hBN, cBN and Li 3 N can be obtained from [19, 20] , but there has been no report on the value β of Li 3 BN 2 . It can be calculated as follows:
where C v is the molar heat capacity at constant volume and  is the isothermal compressibility with
. According to the definition of bulk modulus, the Equation (10) can be written as 
and the  of Li 3 BN 2 can thus be calculated: 
Results and Discussion
Different P-T areas of cBN growth in the Li 3 N-hBN system [2] [3] [4] have been proposed, which may be related to the purity and degree of order of the hBN and the synthesis process used. The lowest synthesis pressure is 4.8 GPa and the minimum synthesis temperature is 1690 K at 5.0 GPa in Li 3 N-hBN system [4] , which approximates the V-shaped area proposed in [3] . Ko [7] found that the lowest temperature was 1620 K at 5.3 GPa, lower than the lowest temperature (1723 K) reported by Bocquillon [3] . Considering the industrial application and the reliability of the numerical calculation is performed in an expanded region of 1600-2200 K and 4.8-6.0 GPa. Table 2 shows the change of Gibbs free energy of Li 3 N + hBN→Li 3 BN 2 in the HPHT area (1600-2200 K, 4.8-6.0 GPa) of cBN synthesis in the Li 3 N-hBN system. The values of ∆G are between −35 and −10 KJ·mol ∆G varies regularly with the increase of temperature and pressure. It decreases firstly and then rises with the increasing temperature under constant pressure. ∆G decreases monotonically with the increasing pressure when temperature keeps constant. The higher temperature and pressure, the more negative ∆G, it is easier to generate Li 3 BN 2 .The possibility of the reaction exists, although the absolute value of ∆G is very small. Table 3 shows ∆G of transition hBN-cBN in HPHT area (1600-2200 K, 4.8-6.0 GPa) of cBN synthesis. In consideration of the influence of temperature and pressure on phase volume, relatively precise calculation results are obtained. ∆G of the transition is between −25 and −19 KJ·mol . ∆G is negative and its absolute value increases with the increasing temperature and pressure, and it is more and more probable for the transition to occur. From Table 3 , we find that ∆G changes more sharply with the pressure than with the temperature. Therefore, the transition of hBN to cBN is probable in the P-T area, and pressure is greater impact than temperature. We show the results in Table 4 supposing that Li 3 BN 2 could decompose into cBN. We find that when the pressure is as low as 4.8 GPa, ∆G is negative and ∆G increases from negative to positive with increasing temperature and pressure. ∆G increases from negative to positive with increasing pressure when the temperature is constant. However, ∆G increases first and then decreases with the increasing temperature under constant pressure, and ∆G of reaction Li 3 BN 2 →cBN + Li 3 N can be negative or positive when the pressure is between 4.8 and 6.0 GPa. It can be obtained from Table 4 that the boundary of negative and positive values forms an approximate V-shaped area (the upper area of curve A in Figure 1 ), in which ∆G of reaction Li 3 BN 2 →cBN + Li 3 N is positive and this reaction does not occur. Therefore Li 3 BN 2 can exist stably, and cBN does not come from the decomposition of Li 3 BN 2 in the V-shaped area. Upper area of Curve B in Figure 1 is the V-shaped area from [8] where cBN can grow stably. Figure 1 indicates that the V-shaped area formed in Table 4 covers the most part of the V-shaped area of cBN growth from the references. In other words, the reaction Li 3 BN 2 →cBN + Li 3 N cannot occur in the V-shaped area where the macroaggregated and high-quality cBN crystals can be obtained. That is to say, cBN cannot be produced by the treatment of only Li 3 BN 2 in the V-shaped area obtained from Table 4 . However, it can be seen from Table 3 that in the same area, ∆G of the hBN-cBN transition is negative, and it becomes more and more negative with increasing temperature and pressure. We speculate that in the V-shaped area, cBN is probably transformed directly from hBN. It is known from [2] that cBN does not form when Li 3 BN 2 melts or decomposes, and only when excess hBN is added can cBN be found. Li 3 BN 2 exists stably in the HPHT area of cBN growth, and Li 3 BN 2 appears to be in equilibrium with cBN in the Li 3 N-hBN system. We infer that the catalyst promotes the transition of hBN to cBN. The melting point of hBN is over 3000 K at ambient pressure. hBN has a stable structure with a sp ion invades hBN and affects the van der Waals forces between the layers, causing inter-layer slippage or breakage. hBN can be disintegrated into two dimensional B-N dusts with low polymerization degree. At this time, the long-range ordered structure disappears, rendering a short-range ordered structure. Without catalyst, higher temperatures than 3000 K and higher pressures than 13 GPa are needed to obtain cBN crystals [4] . With the catalyst, a short-range or medium-range ordered molten-like structure [5] forms to greatly reduce the temperature and pressure of cBN synthesis. From the point of crystal nucleation, the B-N dusts produced by hBN degradation can transform into cBN microstructures by heterogeneous nucleation with energy fluctuation [22] . Li 3 BN 2 could be the matrix of cBN nucleation, because of the similar crystal structure and larger lattice constant [23] . The process only forms the microstructure of cBN crystals. In order to obtain cBN crystals, it is essential for the tiny crystal nucleus to grow gradually [24] .
Conclusions
(1) In the HPHT area (1600~2200 K, 4.8~6.0 GPa) of cBN growth, the reaction hBN + Li 3 N→Li 3 BN 2 can occur, and the ΔG of the reaction is between −35 and −10 KJ·mol (2) The area of the positive ∆G of Li 3 BN 2 decomposition forms an approximate V-shaped area, which covers the most part of the V-shaped area of cBN crystal growth. Therefore, cBN does not come from the decomposition of Li 3 BN 2 and cBN is probably transformed from hBN. However, analysis shows that Li 3 BN 2 promotes the transfer of an electron from a N atom to a B atom in order to form the micro cBN nuclei.
